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Before a solar model becomes viable in astrophysics, one must consider how the ele-
mental constitution of the Sun was ascertained, especially relative to its principle com-
ponents: hydrogen and helium. Liquid metallic hydrogen has been proposed as a solar
structural material for models based on condensed matter (e.g. Robitaille P.-M. Liq-
uid Metallic Hydrogen: A Building Block for the Liquid Sun. Progr. Phys., 2011,
v.3, 60–74). There can be little doubt that hydrogen plays a dominant role in the uni-
verse and in the stars; the massive abundance of hydrogen in the Sun was established
long ago. Today, it can be demonstrated that the near isointense nature of the Sun’s
Balmer lines provides strong conﬁrmatory evidence for a distinct solar surface. The
situation relative to helium remains less conclusive. Still, helium occupies a prominent
role in astronomy, both as an element associated with cosmology and as a byproduct
of nuclear energy generation, though its abundances within the Sun cannot be reliably
estimated using theoretical approaches. Withrespect tothe determination of helium lev-
els, the element remains spectroscopically silent at the level of the photosphere. While
helium can be monitored with ease in the chromosphere and the prominences of the
corona using spectroscopic methods, these measures are highly variable and responsive
to elevated solar activity and nuclear fragmentation. Direct assays of the solar winds
are currently viewed as incapable of providing deﬁnitive information regarding solar
helium abundances. As a result, insight relative to helium remains strictly based on the-
oretical estimates which couple helioseismological approaches to metrics derived from
solar models. Despite their “state of the art” nature, helium estimates based on solar
models and helioseismology are suspect on several fronts, including their reliance on
solar opacities. The best knowledge can only come from the solar winds which, though
highly variable, provide a wealth of data. Evaluations of primordial helium levels based
on 1) the spectroscopic study of H-II regions and 2) microwave anisotropy data, re-
main highly questionable. Current helium levels, both within the stars (Robitaille J.C.
and Robitaille P.-M. Liquid Metallic Hydrogen III. Intercalation and Lattice Exclusion
versus Gravitational Settling, and Their Consequences Relative to Internal Structure,
Surface Activity, and Solar Winds in the Sun. Progr. Phys., 2013, v.2, in press) and
the universe at large, appear to be overstated. A careful consideration of available ob-
servational data suggests that helium abundances are considerably lower than currently
believed.
At the age of ﬁve Cecilia [Payne] saw a meteor, and
thereupon decided to become an Astronomer. She
remarked that she must begin quickly, in case there
should be no research left when she grew up.
Betty Grierson Leaf, 1923 [1, p.72–73]
1 Introduction
Knowledge that helium [2,3]was ﬁrst observed in the Sun by
Pierre Jules C´ esar Janssen [4] and Joseph Norman Lockyer
[5],beforebeingdiscoveredon Earthby William Ramsay[6],
might prompt the belief that the element was abundant on the
solar surface. In fact, helium has never been identiﬁed in the
absorption spectra of the quiet Sun. Janssen and Lockyer’s
fortunate discovery was restricted to helium lines appearing
withintheprominencesofthecoronaandwithinthedisturbed
chromosphere[4,5]. While the element was easily detectable
in these regions [7], helium has remained relatively spectro-
scopically silent on the Sun. Conversely, the stars and the
Sundisplaysigns ofextremehydrogenabundance,as ﬁrst ob-
served by Cecilia Payne [8], Albrecht Uns¨ old [9], and Henry
Norris Russell [10]. Few would take issue with the conclu-
sion that the visible universeis primarilycomprisedof hydro-
gen. Helium abundances present a more arduous question.
Despite all the diﬃculties, several lines of reasoning sus-
tain the tremendous attention that solar helium levels have
received in astronomy. First, helium is the end product of
the nuclear reactions currently believed to fuel many of the
stars, either in the pp process or the CNO cycle [11–15]. Sec-
ond, solar helium levels are inherently linked to the gaseous
models of the Sun [16–18] and the application of theoretical
ﬁndings to the interpretation of helioseismic results [19–23].
Finally, helium is thought to be a key primordial element in
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Big Bang cosmology [3,24–30]. As a result, the evaluation
of helium levels in the Sun brings a uniﬁed vision of astro-
physics, wherein accepted solar values lend credence to our
current concept of the formation of the universe. Still, ques-
tions remain relative to the accuracy of modern helium deter-
minations.
A ﬂurry of initial studies had suggested that helium abun-
dances in the stars approached 27% by mass (see [3] for a
review). The ﬁndings provided support for those who pro-
posedprimordialformationofheliumpriortotheexistenceof
the objects which populate the main sequence [3,24]. How-
ever, these ideas were challengedwhen it was discoveredthat
certain B-type stars, which should have been rich in helium
lines, were almost devoid of such features [3]. As a result,
in certain stars, helium was said to be gravitationally settling
towards the interior[3,31]. The desire to link helium levels in
the Sun with those anticipated from the primordial synthesis
continues to dominate modern solar theory [18]. Nonethe-
less, it can be demonstrated that the methods used to estimate
primordialhelium levels in the universe[24] are either highly
suspect or implausible. Given these complexities, it is appro-
priate to composea critical review of how heliumabundances
havebeenhistoricallyobtainedandhowtheyarecurrentlyde-
termined, both in the Sun and in the universe at large.
2 Assessing elemental abundances in stellar spectra
2.1 The Saha Equations
Reasoning, like Lindemann [32] and Eggert [33] before him,
that the fragmentation of an atom into an ion and an electron
was analogous to the dissociation of a molecule, Megh Nad
Saha [34,35] formulated the ionization equations [36,37] in
the early 1920s. In so doing, he called upon the Nernst equa-
tion [38] and suggested that the free electron could be viewed
as an ideal gas. He also relied on thermal equilibrium and
the ionization potentials of the elements. Since Saha’s equa-
tion was inherently related to parameters associated with the
ideal gas (i.e. [39, p.29–36] and [40, p.107–117])he demon-
strated that the level of ionization could be increased either
with elevated temperature or decreased pressure. Saha hy-
pothesizedthat the pressureof the reversinglayer approached
0.1–1 atm [36, p.481] and was the ﬁrst to utilize this assump-
tion to account for the appearance of spectral lines across
stellar classes as simple functions of temperature [36, 37].
He was concerned with the marginal appearance of spectral
lines [36,37], that point at which these features ﬁrst appeared
on a photographic plate. Cecilia Payne [1,41] would soon
estimate the abundance of the elements in the universe using
the same criterion [8].
In his initial work, Saha would comment on the impos-
sibility of solar temperatures increasing as one moves from
the photosphere to the upper chromosphere: “Lockyer’s the-
ory... [that elements become more ionized as higher eleva-
tions are reached within the chromosphere] ...would lead us
to the hypothesis that the outer chromosphere is at a sub-
stantially higher temperature than the photosphere, and the
lower chromosphere; and that the temperature of the sun in-
creases as we pass radially outwards. This hypothesis is,
however, quite untenable and is in ﬂagrant contradiction to
all accepted theories of physics” [36, p.473]. Saha had not
suspected that 20th century solar theorists would maintain
such a position. Lockyer’s analysis was correct: ionization
increased with elevation in the chromosphere. This was an
important lesson relative to thermal equilibrium. In any case,
Saha did observe that hydrogen was not fully ionized in the
chromosphere,since thelines fromHα andHβ wereevidentat
this level. He also recognized that hydrogen should be essen-
tiallyionizedinOclassstarsandthatthelinescoincidentwith
the Balmer series in these stars had originated from ionized
helium. At the same time, he outlined that the same spec-
tral lines for classes later than B2A were completely due to
hydrogen [37, p.151].
SubrahmanyanChandrasekhar’s (Nobel Prize, 1983 [42])
thesis advisor,Sir Ralph H. Fowler[43],had providedsigniﬁ-
cant insight andcriticisms into Saha’s secondmanuscript[37,
p.153] and the resulting text was masterful. In 1927, Megh
Nad Saha was elected a Fellow of the Royal Society [34].
In the meantime, Fowler [43] and Edward Arthur Milne
[44] would collaborate and construct a wonderful extension
[45,46]of Saha’s seminal papers [36,37]. They improvedthe
treatment of ionization to consider not only principle lines
arising from atoms in their lowest energy states, but also the
subordinatelinesproducedbyexcitedatomsandions[45,46].
For his part, Saha had concentratedon the excitation and ion-
ization of the neutral atom [36,37]. Fowler and Milne un-
derstood that the marginalappearance of a spectral line could
be used in determining relative concentrations and provided
some indication of the minimum number of atoms necessary
for appearance [45,46]. They emphasized the idea that: “the
intensity of a given absorption line in a stellar spectrum is
proportional to the concentration of atoms in the stellar at-
mosphere capable of absorbing the line” [45, p.404]. Their
ﬁrst paper also highlighted the value of the maximum of a
spectral line in assessing the temperature and pressure of the
reversinglayerandoutlinedthatthisproblemwasnotaﬀected
by the relative abundance of the element studied [45]. Using
stellar data from the lines of Ca, Mg, Sr, and Ba they deter-
mined that the electron pressure of the reversing layer was
on the order of 10−4 atm [45]. Fowler and Milne understood
that electron pressure, Pe, of the reversing layer was not de-
termined by a single ionization process, but by the ionization
of many elements: “In thus regarding Pe as fundamental we
are in eﬀect assuming that, due to the presence of more eas-
ily ionised atoms, there are so many electrons present that
the partial electron pressure is practically independent of the
degree of ionization of the element under discussion” [45,
p.409]. They expressed concern that their results led to the
assumption that absorbing species had very large absorption
36 P.-M. Robitaille. A Critical Assessment of Current and Primordial Helium Levels in the SunApril, 2013 PROGRESS IN PHYSICS Volume 2
coeﬃcients [45]. Milne had already determined that the ab-
sorptioncoeﬃcientsshouldbe verylarge[47]andwouldlater
devote another theoretical paper to their determination [48].
In their work together, Fowler and Milne explicitly assumed
that the reversing layer could be treated as existing under
conditions of thermal equilibrium, as Saha’s treatment re-
quired [36]. The validity of such assumptions is not simple to
ascertain.
At Cambridge, Milne met Cecilia Payne [1, p.121], a stu-
dent at Newnham College [1, p.112] and learned of her im-
pending access to the vast collection of photographic plates
used to generate the Henry Draper Catalogue at the Harvard
Observatory [1, p.144–153]. Prior to the advent of the mod-
ernMKKclassiﬁcation[49],theHenryDraperCataloguewas
the largest stellar library collection, with over 200,000 classi-
ﬁed stars [1, p.144–153]. Milne suggested that “if he had...
[Payne’s] ...opportunity, he would go after the observations
that would test and verify the Saha theory” [1, p.155]. Cecila
Payne soon left Cambridge and sailed to America.
2.2 Cecilia Payne: What is the universe made of?
“I remember when, as a student at Cambridge, I de-
cided I wanted to be an astronomer and asked the
advice of Colonel Stratton, he replied, “You can’t
expect to be anything but an amateur”. I should have
been discouraged, but I wasn’t, so I asked Edding-
ton the same question. He (as was his way) thought
it over a very long time and ﬁnally said: “I can see
no insuperable obstacle” [50, xv].
Nineteenth century scientists had little on which to base their
understandingof the composition of the universe. Their clues
couldonlycome fromthe Earthitself and fromthe meteorites
which occasionallytumbledonto its surface. Consequently,it
was not unreasonable to expect that the universe’s composi-
tion matched the terrestrial setting. However, stellar spectra,
already stored on photographicplates throughoutEurope and
especially in the vast Henry Draper Collection, were hiding
a drastically altered viewpoint. With the arrival of yet an-
other woman at the Harvard Observatory [51–60], the stars
could not much longer conceal their story. Surrounded by
Pickering’s Harem [51–60], Cecilia Payne [1,41] completed
her classic report on the abundance of the elements [8] and
became the ﬁrst to underscore the importance of hydrogen as
the constitutive atom of universe. Her thesis had been care-
fully prepared and presented supportive laboratory evidence,
not only of ionization potentials, but of the validity of Saha’s
treatment [8, p.105–115].
Stellar spectra signaled hydrogen [61] was so abundant
that several scientists, including Henry Norris Russell, could
not fully accept the conclusion. Payne had written an early
manuscriptdetailingthetremendouspresenceofhydrogen[1,
p.19]. Her thesis advisor, Harlow Shapley, forwarded the
work to Russell who commented: “It is clearly impossible
that hydrogen should be a million times more abundant than
the metals” [1, p.19]. That early manuscript was never pub-
lished and has since been lost [1, p.20]. Tempered by Rus-
sell and Shapley, Cecilia Payne ﬁnally produced her famous
PhD dissertation: Stellar Atmospheres: A Contribution to the
Observational Study of High Temperature in the Reversing
Layers of Stars [8]. She would comment on hydrogen in this
manner: “Although hydrogen and helium are manifestly very
abundant in stellar atmospheres, the actual values derived
from the estimates of marginal appearance are regarded as
spurious” [8, p.186]. A little later she would add: “The out-
standing discrepancies between the astrophysical and terres-
trial abundances are displayed for hydrogen and helium. The
enormous abundance derived for these elements in the stel-
lar atmospheres is almost certainly not real” [8, p.188] and
“The lines of both atoms appear to be far more persistent,
at high and low temperatures, than those of any other ele-
ment” [8, p.189].
For her part, Payne privately maintained that hydrogen
was tremendously abundant in the stars: “When I returned to
visitCambridgeafterIﬁnishedthis ﬁrstessayinastrophysics,
I went to see Eddington. In a burst of youthful enthusiasm, I
told him that I believed that there was far more hydrogen in
the stars than any other atom. ‘You don’t mean in the stars,
youmeanonthestars’, washiscomment. Inthiscase,indeed,
I was in the right, and in later years he was to recognize it
too” [1, p.165].
Payne’s work also highlighted the importance of helium
in the O and B class stars [8]. For the ﬁrst time, hydrogen
and helium became the focus of scrutiny for their role as po-
tential building blocks of the stars and the cosmos [8]. She
emphasized that: “there is no reason to assume a sensible de-
parture from uniform composition for members of the normal
sequence” [8, p.179] and “The uniformity of composition of
stellar atmospheres is an established fact” [8, p.189]. She
also held, as Eddington and Zeipel had advanced, that given
their gaseous nature: “an eﬀect of rotation of a star will be
to keep the constituents well mixed, so that the outer portions
of the sun or of a star are probably fairly representative of
the interior” [8, p.185]. Still, Payne was cautious relative to
extending her results as reﬂecting the internal composition of
the stars: “The observations on abundances refer merely to
the stellar atmosphere, and it is not possible to arrive in this
way at conclusions as to internal composition. But marked
diﬀerences of internal composition from star to star might be
expected to aﬀect the atmosphere to a noticeable extent, and
it is therefore somewhat unlikely that such diﬀerences do oc-
cur” [8, p.189].
Payne would conclude her thesis with a wonderful expo-
sition of the Henry Draper Classiﬁcation system [8, p.190–
198]. OttoStruvewouldcometoregardthestudyas“themost
brilliant Ph.D. thesis ever written in astronomy” [41]. Edwin
Hubble would comment relative to Payne: “She’s the best
man at Harvard” [1, p.184]. As Milne suggested, the ﬁrst
dissertation of the Harvard College Observatory was founded
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upontheapplicationoftheionizationequations[36,37,45,46]
to the detailed analysis of spectral lines across stellar classes.
It did not speciﬁcally address elemental abundances in the
Sun. Nonetheless, Payne’s 1925 dissertation heralded the ap-
plication of quantitative spectral analysis in astronomy [8].
2.3 Albrecht Uns¨ old, hydrogen abundance, and evi-
dence for a solar surface
Albrecht Uns¨ old extended Payne’s studies with a focus on
the solar spectra [9]. Following in her footsteps [8], in 1928
[9], he applied the ionization formula [36, 37] to the chro-
mosphere and estimated the levels of sodium, aluminum, cal-
cium, strontium, and barium. In addition, Uns¨ old determined
that the electron gas pressure in the chromosphere stood at
∼ 10−6 atm [9]. He also concluded that hydrogen must be
about one million times more abundant than any other ele-
ment in the Sun [9,62]. William McCrea was soon to echo
Uns¨ old,ﬁndingthathydrogenwas amilliontimesmoreabun-
dant than Ca+ within the chromosphere [62,63].
Importantly,Uns¨ old also documentedthat the absorbance
of the hydrogen β, γ, and δ lines did not decrease across
the Balmer series (Hα =1; Hβ =0.73; Hγ =0.91; Hδ =1.0) as
expected from quantum mechanical considerations (Hα =1;
Hβ =0.19; Hγ =0.07; Hδ =0.03) [9]. This was an important
ﬁnding relative to the nature of the Sun. Recently, the be-
havior of hydrogen emission lines has been analyzed with
non-LTE methods [64]. It has been concluded that the “n=3
and higher levels are in detailed balance deep in the photo-
sphere, but they develop a non-LTE underpopulation further
out. However, the levels with higher n-values stay in detailed
balance relative to each other at these atmospheric depths,
and they also collisionally couple tightly to the continuum”
[64]. Yet, in the gaseous models of the Sun, the continuum is
not composed of condensed matter [65]. It represents an area
of profoundly increased solar opacity [65]. Nevertheless, the
behaviorofthe Balmerseries inthesolaratmospherestrongly
supportsthe idea that the Sun is comprisedofcondensedmat-
ter. Only a physical entity of suﬃcient density, such as a
surface, can permit tight collisional coupling to the contin-
uum, as it is impossible to couple to the opacity changes
which characterize the continuum in gaseous models [65].
These ﬁndings comprise the sixteenth and seventeenth lines
of evidence that the Sun is comprised of condensed matter.
The others are outlined by the author in recent publications
(e.g. [66]).
2.4 Henry Norris Russell: Inability to estimate Helium
from spectral lines
Soon HenryNorris Russell [67]surpassed Uns¨ old in his anal-
ysis of solar spectral lines and provided a detailed composi-
tional analysis of the Sun. Relative to the occupied energy
levelswithin atomsontheSun, Russell aﬃrmedthat: “It must
further be born in mind that even at solar temperatures the
greatmajority ofthe atoms ofanygivenkind, whether ionized
orneutral,will bein thestateoflowest energy”[10,p.21]. At
thesame time, Russell realizedthatthis rulewas notobserved
by hydrogen, leading him to the conclusion that the element
was extremely abundant in the Sun: “One non-metal, how-
ever, presentsa realandglaringexceptiontothe generalrule.
The hydrogen lines of the Balmer series, and, as Babcock
has recently shown, of the Paschen series as well, are very
strong in the Sun, though the energy required to put an atom
into condition to absorb these series is, respectively, 10.16
and 12.04 volts - higher than for any other solar absorption
lines. The obvious explanation — that hydrogen is far more
abundant than the other elements — appears to be the only
one” [10, p.22]. In fact, even the hydrogen Brackett lines
can be visualized in the infrared spectrum of the Sun [68].
Russell also highlighted Uns¨ old’s observation [9] that the hy-
drogen β, γ, and δ lines did not decrease as expected. That
the hydrogen lines were extremely broad in the Sun had al-
ready been well established. Russell echoed some of his con-
temporaries and suggested that this might result from a Stark
eﬀect [10, p.50].
Finally, Russell accepted Payne’s ﬁndings relative to hy-
drogen and reported her numbers for the elements without
comment in his table XVI [10, p.65]. He stated that: “The
most important previous determination of the abundance of
theelementsbyastrophysicalmeansisthatbyMissPayne...”
[10, p.64]. Russell foundthe correlationbetween their works
to display “a very gratifying agreement” [10, p.65]
Like Payne, Russell had relied on the work of Fowler and
Milne [45,46] to set the composition of the Sun. He imple-
mented their suggestion that electron pressures, Pe, could be
gathered by considering the spectra and the ionization poten-
tial for elements like Ca, Sc, Ti, Sr and Yt. From these, he de-
duced a Pe of 3.1×10−6 atm, in close agreement with Milne
(2.5×10−5 atm), and Payne and Hogg (2.54×10−6 atm) in
class G0 stars [10, p.54–55]. Along with John Quincy Stew-
art,Russell hadpreviouslyconsideredvariousmeansofdeter-
mining the pressures at the Sun’s surface and had determined
that the pressureof the reversionlayer couldnot be more than
10−4 atm [69]. But Russell reported a factor of at least 10 in
discordance in calculating electron pressures based on either
the ionization formula or the numbers of metallic atoms and
ions [10, p.70–71]. He would resolve the diﬃculty at the end
of his treatise when setting the ﬁnal elemental composition
for the Sun [10, p.72].
At the same time, while Payne had understood the impor-
tance of local thermal equilibrium(LTE) for the proper appli-
cation of Saha’s equation [8, p.92–101], she did not attempt
to make an explicit correction for the lack of equilibrium.
Conversely, Russell placed a correction factor in his work for
departure from LTE: “We have ﬁnally to take into consider-
ation the fact that the atmosphere may not be in thermody-
namic equilibrium. The comparisonof solar andstellar spec-
tra aﬀords evidence that this is the case” [10, p.52]. Relative
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to his ﬁnal abundances he commented: “The main source of
uncertainty which aﬀects them is the magnitude of the cor-
rection for departure from thermodynamic equilibrium” [10,
p.58] and “If the correction for departure from thermody-
namic equilibrium should be wholly disregarded, the calcu-
lated abundance of hydrogen — already very great — would
be increased thirty fold” [10, p.62]. In the 1920s, of course,
there was hesitancy concerning the tremendous levels of hy-
drogen observed in the solar atmosphere.
For Russell, oxygen appeared as abundant as all other
metals combined. He also argued against, although did not
fully dismiss, gravitational settling in the Sun for the heaviest
metals: “It does not appear necessary, therefore, to assume
that downward diﬀusion depletes the sun’s atmosphere of the
heavier elements, though the possibility of such an inﬂuence
remains” [10, p.59]. Importantly, he noted: “The statement
that enhanced lines are found in the sun for those elements
which have lines of low excitation potential in the accessible
region has therefore few exceptions” [10, p.35]. At the same
time, he advanced that for those elements “which fail to show
enhancement lines in the sun, the excitation potentials for the
accessible lines are high in every case for which they have
been determined” [10, p.35]. Furthermore Russell hypoth-
esized that: “It appears, therefore, that the principle factor
which is unfavourable to the appearance of a spectral line in
the sun is a high excitation potential” [10, p.35]. This was
precisely the case relative to helium.
Withrespecttothesecondelement,Russell wrote: “There
is but one element known to exist in the sun for which no esti-
mate of abundance has now been made - and this is He. The
intensity of its lines in the chromosphereshows that it must be
present in considerable amount, but no quantitative estimate
seems possible” [10, p.62]. Here was an explicit admission
that solar helium abundances could not be ascertained using
spectral data.
Helium was abundantly visible in early type stars, as Ce-
cilia Payne had already discovered[8] and Paul Rudnick [70]
and Anne Underhill continued to conﬁrm [71–73]. Estimates
of the number of hydrogen to helium atoms in O and B type
stars varied from values as low as 3.2 to more than 27 [73,
p.156]. A factor of nearly 10 in relative abundances from
spectral lines in such stars was hardly reassuring. Nonethe-
less, Underhillstill surmisedthat the numberof heliumatoms
was at the 4–5%level[73]. Yetforthe Sun,data abouthelium
abundance remained wanting.
2.5 Local Thermal Equilibrium
Milne was perhapsthe greatestauthorityrelativeto local ther-
mal equilibrium (LTE) in astronomy [74–77] and many of
the most salient aspects of his arguments have been reviewed
[78]. Milne advocated that LTE existed in the center of a
star and that his treatment permitted “us to see in a gen-
eral way why the state of local thermodynamic equilibrium
in the interior of a star breaks down as we approach the sur-
face” [77, p.81–83]. In 1928, Milne would express concern
relative to the appropriateness of the inferred thermal equi-
librium in the reversing layer, as required by the Saha equa-
tions [36,37], although he believed that studies based on the
validity of the ionization equations should be pursued: “The
recent work of Adams and Russell brings forward evidence
that the reversing layers of stars are not in thermodynamic
equilibrium. This suggests a degreeof cautionin applyingthe
fundamental method and formulae of Saha to stellar spectra.
Nevertheless,departurefromthermodynamicequilibriumcan
only be found by pushing to as great a reﬁnement as possible
the theory which assumes thermodynamic equilibrium” [48].
Gerasimovic had already advanced corrections for small de-
viations from thermal equilibrium [79] and Russell applied
correctionsdirectlyin his work [10]. By 1925,the Saha equa-
tions had been generally conﬁrmed under experimental con-
ditions (e.g. [8, p.111–112] and [80]), but only in the broad-
est sense. Over time, the ionization equations continued to be
widely studied and the problems considered were extended
to include two-temperature plasmas (e.g. [81]), high pres-
sures (e.g. [82]), varying opacities (e.g. [83]), and non-LTE
(e.g. [84–88]). The Saha equations eventually became a use-
ful staple in the treatment of plasma physics [89, p.164] and
stellar atmospheres [90–92].
As Auer highlighted relative to solar models [88], under
non-LTE, a set of rate equations enters into the problem of
determiningthe abundanceof any given electronic state. Fur-
thermore, the radiation ﬁeld is introduced directly into the
equations [88] utilized to calculate both opacities and pop-
ulations. The problem therefore becomes dependent on “si-
multaneousknowledgeof the radiationﬁeld at all frequencies
and all depths” [88, p.576].
While ionization appeared tractable given modern com-
puting, the solution became linked to the knowledge of stel-
lar opacities, an area of theory whose weaknesses have al-
ready been outlined [78]. Nonetheless, non-LTE approaches
have been successful in addressing the spectra of early type
stars [93–95]. Today, such methods also account for elec-
tronic, atomic, and ionic collision processes [64]. Non-LTE
approaches have provided considerable insight into the Bal-
mer and Paschen series associated with the hydrogen spec-
trum of the Sun [64].
Finally, it appears that the treatment adopted by Cecilia
Payne might not have been too far aﬁeld [8]. For many of
the cooler stars, simple LTE seems suﬃcient to address ion-
ization problems [94]. Non-LTE methods become most im-
portant for the O and A class stars [93–95]. In any case,
helium cannot be assessed on the Sun using the ionization
equations due to the lack of appropriate spectral lines. As a
result, while the LTE and non-LTE settings may be funda-
mental to the proper treatment of spectral lines, the methods
have little bearing on the proper evaluation of helium levels
in the Sun.
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3 Helium from solar theory
3.1 Henry Norris Russell
Since Russell was not able to extract helium abundances di-
rectly from spectral lines, he did so, without further scientiﬁc
justiﬁcation, by assuming that the Sun had an mean molecu-
lar weight of ∼2 [10, p.72–73]. Such a value had also been
suggested by Saha [36, p.476], who had in turn adopted it
from Eddington [96, p.596]. As for Eddington, he had pre-
viously examined the radiation equilibrium of the stars using
a mean molecular weight of 54 [97]. In 1916, this value had
been selected based on the belief that the stars were princi-
pally composed of elements such as oxygen, silicon, and iron
prior to full ionization [1, viii]. Eddington lowered the mean
molecular weight to a value of 2 in 1917 [96, p.596], based
on the idea that the elements would be fully ionized in the
stars. In the fully ionized state, hydrogen has a mean molec-
ular weight of 0.5, helium of ∼1.3, and iron of ∼2 (see [40,
p.102–104] for a full discussion of mean molecular weights
in astrophysics). It was this value which Russell was to adopt
in his calculations.
Using a mean molecular weight corresponding to a metal
rich star, Russell concluded that helium was 13% as abun-
dant as hydrogen by weight [10, p.73]. He then computed
that the Sun had equal percentages of oxygen and other met-
als (∼24% each) and that hydrogencomprisedjust under half
of the constitution (∼45%) by weight (see table XX in [10,
p.73]. If Russell had selected a mean atomic weight of ∼0.5,
there would be dramatic changes in the calculated helium
levels.
3.2 Early abundance calculations
In arbitrarily selecting mean molecular weights [96,97], Ed-
dington determined the mean central stellar temperatures and
pressuresalongwith the accelerationdue to gravityat the sur-
face (e.g. [97, p.22]). In turn, these parameters altered the
calculated absorption coeﬃcient, and hence opacity, of stel-
lar interiors [97, p.22]. Consequently, the setting of mean
atomic weight had a profound implication on nearly every
aspect of stellar modeling, but opacity would always remain
paramount. In 1922, Eddington had derived a relationship
between opacity and temperature [98] which would become
known as Kramer’s law [99].
Soon, Str¨ omgren introduced an interesting twist to Ed-
dington’s approach [100,101]. Rather than assuming a mean
atomic weight, Str¨ omgren began his calculations by comput-
ing opacity values, and from there, estimating the fractional
composition of hydrogen within several stars [100], relying
in part on Russell’s elemental composition [10]. He con-
cluded that the fractional abundance of hydrogen was ∼0.3
and maintained that the presence of helium would have little
eﬀect on these calculations since “hydrogen and helium do
not contribute to the opacity directly” [100, p.139]. Str¨ om-
grenwouldwrite: “we haveneglectedthe inﬂuenceof helium.
The helium proportion is rather uncertain and the error in-
troduced by neglecting helium altogether small [100, p.142].
Modernstellar theorywouldcometo relygreatlyontheopac-
ity contributions of the negative hydrogen ion (H−) [102].
Str¨ omgren’s assumptions were premature. Still, he champi-
oned the idea of initially computing opacity, and from these
values obtaining both solar parameters and elemental abun-
dances [100,101].
Following the publication of a key modeling paper by
Cowling [103], Martin Schwarzschild was to take the next
theoretical step [104]. First, he made use of the mass-
luminosity relation while expressing mean molecular weight
and opacity as a function of elemental composition (X = hy-
drogen, Y = helium) [104]. Then, reasoning that the energy
output in the Sun from the CNO cycle [13] was directly re-
lated to elemental composition, he derived a fractional el-
emental composition for hydrogen, helium, and the metals
equal to 0.47, 0.41, and 0.12, respectively [104]. The results
were once again critically dependent on estimated opacities,
which Schwartzchild, like Str¨ omgren before him [100,101],
assumed to display Eddington’s [98] −3.5 power dependence
on temperature (see Eq. 9 in [104]). In fact, Schwarzschild
utilized an even greater dependence on temperature for en-
ergy production, allowing a 17th power in the exponential
(see Eq. 11 in [104]). Yugo Iinuma then advanced a broader
approach to the stellar composition problem [105]. He was
concerned with ranges of reasonable starting points, both for
hydrogen concentration and average molecular weight. His
treatment remained dependent on opacity computations,
though less rigid in its conclusions [105]. Schwarzschild et
al. [106] then introduced the eﬀects of inhomogeneity in the
solar interior and convective envelopes along with solar age
into the abundance problem. They reached the conclusion
that the temperatures at the core of the Sun were such that
the carbon cycle should start to contribute to the problem.
Hydrogen abundances were assumed in order to arrive both
at a convection parameter and at helium values [106]. The
critical link to opacity remained [106]. Weymann, who like
Schwarzschild, was also at the Institute for Advanced Study,
built on his ﬁndings [107]. Taking account of the carbon cy-
cle, Weymann found that the core of the Sun was not con-
vective [107]. Powers of 4 and 20 for temperature were as-
sumed in the energy generation laws associated with the pp
and CNO cycles [107]. The hydrogen fractional composition
of the Sun was assumed and ranged from 0.60 to 0.80 (see
Table 3 in [107]). This resulted in helium and metallic frac-
tional compositions of 0.19–0.32and 0.01–0.08, respectively
(see Table 3 in [107]).
In 1961, Osterbrock and Rogerson would elegantly sum-
marize the situation relative to estimating helium abundances
in the Sun: “Though helium is observed in the upper chromo-
sphere and in prominences, the physical conditions in these
regions are too complicated and imperfectly understood for
the abundance ratio to be determined from measurements of
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these emission lines. Hence the only reliable way to ﬁnd the
helium abundance in the Sun is by analysis of its internal
structure” [108]. Yet, given the progress to date, the deter-
mination of elemental compositions within the Sun had been
a complex adventure involving either assumed values of av-
erage molecular weights, hydrogen abundances, energy gen-
eration reactions, and opacity. The latter would eventually
present the greatest diﬃculties [78]. Osterbrock and Roger-
son would utilize Weymann’s calculation, along with making
an assumption by setting the Z/X ratio at 6.4×10−2 [108],
to estimate interior solar fractional abundances at X = 0.67,
Y = 0.29, and Z = 0.04. They were guided in this estimation
by the belief that: “the solar, planetary nebula, and interstel-
lar abundances are all essentially the same” [108, p.132].
For the planetary nebula NGC 7027 they set the fractional
abundances at X = 0.64, Y = 0.32, and Z = 0.04 [108]. Solar
elemental composition became decidedly linked to estimates
from remote objects. The stage was set for conclusively link-
ing solar elemental composition to stellar evolution and pri-
mordial nucleosynthesis.
3.3 Modern abundance calculation
Eventually, the solar neutrino problem entered theoretical
modeling [16,109]. In his simulations, John Bahcall would
utilize fractional abundances of relatively narrow range (X =
0.715 − 0.80, Y = 0.19 − 0.258 and Z = 0.01 − 0.027), set-
ting the central densities and temperatures near 150 g/cm3
and 15 million Kelvin, respectively [16]. The results, as be-
fore, were reliant on the use of solar opacity estimates [78].
By the beginning of the 1970s, fractional abundances for he-
lium and the metals were settling on values near 0.28 and
0.02 [25]. Solar models became increasingly complex, re-
lying on stellar opacity tables [110–118], energy generation
equations, neutrino ﬂux, and solar age to arrive at internally
consistent results [17,18]. Complexity was also introduced
by considering helium and heavy element diﬀusion through-
out the solar body [17,18,119,120]. It became important to
establish not only modern helium content, but also the initial
heliumabundanceintheSun[17,21,121]. Goughhadalready
suggested that helioseismology could be used to help estab-
lish fractional abundances: “Thus one might anticipate infer-
ring the hydrogen-helium abundance ratio by comparing the
measured values with a sequence of model solar envelopes”
[19,p.21]. Helioseismologicalresults becamestronglyincor-
porated into solar modeling [20–23] and “helioseismic tech-
niques ... [became] ...the most accurate way to determine
the solar helium abundance” [20, p.235]. The techniques re-
mained linked to the equations of state which contained six
unknowns including: elemental composition, density, tem-
perature, and pressure [20, p.224]. Moreover, the problems
required an explicit knowledge of opacity [20, p.224] from
its associated tables [110–118].
Relative to solar models, the central problem remains
linked to the determination of internal solar opacity. The
questions are complex and have been addressed in detail al-
readyby the author[78]. In the end, opacity tables [110–118]
have no place in the treatment of stellar problems, precisely
because they are incapable of reproducing the thermal emis-
sion spectrum required [78]. They simply mask ignorance
of a fundamental problem in astronomy: the mechanism for
the production of a thermal spectrum. Their inability to ac-
count for the production of a single photon by graphite on
Earth [78], establishes that stellar opacity derived from iso-
lated atoms and ions can play no role in the proper under-
standing of thermal emissivity in the stars. As a result, he-
lium levels can never be established using theoretical model-
ing based on the gaseous equations of state and their inherent
association with stellar opacity tables [78].
4 Primordial helium abundances
The quest to understand helium levels in the stars has been
further complicated by the inferred association of this ele-
ment with primordial nucleosynthesis in Big Bang cosmol-
ogy[24–30]. Early on, Alpher,Bethe, and Gamowpostulated
that the elements had been synthesized in a primordial ﬁre-
ball [122]. This nucleosynthesis was proposed to include the
entire periodic table and even unstable elements, with short
lifetimes, of greater atomic number[122]. Soon, the idea that
the composition of the stars was largely related to primordial
conditions was born, especially relative to hydrogen and he-
lium [24,123]. No other scheme appeared likely to explain
the tremendous He levels in stellar atmospheres, which ap-
proached 27% by weight [3,24]: “It is the purpose of this ar-
ticle to suggest that mild ‘cooking’ [such as found in stars]
is not enough and that most, if not all, of the material of
our everyday world, of the Sun, of the stars in our Galaxy
and probably of the whole local group of galaxies, if not the
whole Universe, has been ’cooked’to a temperaturein excess
of 1010K” [123, p.1108]. By then, the astrophysical commu-
nityhadalreadyacceptedthat theheavyelements,whichcon-
stituted trivial amounts of matter compared to hydrogen and
helium, had largely been synthesized in the stars [14]. Only
1H, 2H, 3He, 4He, and 7Li became candidates for synthesis
through a primordial process [124,125].
The postulate that “helium abundance is universal and
was generated in a Big Bang” [125] eventually came to wide
acceptance. The entire theory was hinged on elevated helium
abundances: “We can now say that if the Universe originated
in a singular way the He/H ratio cannot be less than about
0.14. This value is of the same order of magnitude as the
observed ratios although it is somewhat larger than most of
them. However, if it can be established empirically that the
ratio is appreciably less than this in any astronomical object
in which diﬀussive seperation is out of the question, we can
assert that the Universe did not have a singular origin” [123,
p.1109]. Elevated helium levels, along with the discovery
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of the microwave background [126] and the red-shifts of dis-
tant galaxies [127,128] became one of the three great pillars
of Big Bang cosmology [24,129,130]. This explained why
gravitational settling had become critical in discounting low
helium abundances of certain B type stars [3,30,31]. If em-
pirical helium levels fell into question and a mechanism ex-
isted to accept the tremendously decreased helium levels in
these special B type stars [3,31] by preventing gravitational
settling [131], Big Bang cosmology could not survive. Stel-
lar and solar helium abundances cannot be allowed to drop in
modern cosmology.
Today, the quest to link helium abundances and primor-
dial nucleosynthesis has continued [26–30] using two lines
of reasoning: 1) the analysis of anisotropy in the microwave
background [132,133] and 2) the observation of helium and
hydrogenlines fromlow-metallicity extragalacticHII regions
[26,134–137].
Unfortunately,the use of anisotropydata [132,133]to an-
alyze primordialhelium abundancesare highlysuspect. First,
insurmountable problems exist with the WMAP data sets, as
already highlighted by the author [138]. WMAP suﬀers from
signiﬁcant galactic foreground contamination which cannot
be properly removed [138]. In addition, the WMAP team
cannot distinguish between signal arising from a hypotheti-
cally primordial origin from those produced throughout the
universe as a result of normal stellar activity [138]. While
evident ’point sources’ are taken into account, it remains im-
possible to determine, on a pixel by pixel basis, whether the
signal has a primordial origin, or originates from an uniden-
tiﬁed non-cosmological object [138]. Furthermore, WMAP
raw data has proven to be unstable from year to year in a
manner inconsistent with the hypothesized cosmological ori-
gins of these signals [138]. The data suﬀers from poor signal
to noise and the ILC coeﬃcients used for generating the ﬁnal
anisotropymapsdonotremainconstantbetweendatareleases
[138]. Most troubling, the data sets cannot be combined us-
ing a unique combination of spectral channels [138]. As a
result, since no unique anisotropy data set can be extracted
[138], the data has no scientiﬁc value in analyzing helium
abundances. Similar problems will occur when data from the
Planck satellite ﬁnally becomes available [139]. As a result,
all helium abundances derived from microwave anisotropy
data sets must be viewed with a high degree of suspicion.
On the surface, the extraction of primordial helium abun-
dances from H II regions appears more feasible [26, 134–
137]. H II regions are rich in both hydrogen and helium but
havelowheavyelementabundances(∼1/40solar) [140]. Un-
like H I regions (∼60K), H II regions exist at temperatures
between 7,500 and 13,000 K [141]. In H II regions “the 4He
abundance is derived from the recombination lines of singly
and doubly ionized 4He; neutral 4He is unobserved” [140,
p.50]. Unfortunately, experiments which utilized H II re-
gions to assess primordial helium cannot easily ascertain that
the sample has a uniform elemental composition. Further-
more, the use of H II regions for this purpose discounts the
idea that helium has been synthesized locally. Such a sug-
gestion should not be easily dismissed, as the temperatures
of observation[141] are well above those in equilibrium with
thehypothesizedresidual temperatureof theBig Bang(∼3K)
[130]. Only low metallicity supports the idea that these he-
lium concentrations are primordial. Nothing should prevent
stellar systems from creating regions of low metallicity out-
side of a cosmological context. In this regard, the elevated
temperatures of H II regions suggest that a process well be-
yond primordial considerations is now inﬂuencing elemental
abundances in these regions. As such, it is imprudent to de-
rive primordial helium abundances from H II regions.
We do not know, and will probablynever be able to ascer-
tain, primordial helium abundances. In order to observe he-
lium in astronomy, elevated temperatures are required. These
immediately imply that the processes observed are no longer
in thermal equilibrium with those of interest in cosmology
[130].
5 Solar winds: The key to understanding helium
Helium abundances can also be monitored in the solar wind
[143–152]. Presumably, the results are so dynamic that they
cannot be utilized to establish helium levels in the Sun itself.
However, solar winds [143–152] have presented astronomy
with a wealth of scientiﬁc information, which could be used
to profoundly alter our understanding of the Sun [131].
Already in 1971,it was recognizedthat solar wind helium
abundance measurements gave values which were lower than
those ascertained from theoretical experiments [143, p.369].
The study of solar winds became linked to models of the
corona. Althoughthe relativeabundanceand velocitiesof hy-
drogen to helium were advanced as profoundly dependent on
location[143],itremainedevidentthatsolarwindsharboreda
greatdeal of reliable information. Early on, it was knownthat
helium to hydrogen density ratios in the solar wind could ex-
periencedramaticﬂuctuations[144],especiallyinslowwinds
[147], though values appeared more stable at high solar wind
speeds [145]. Extremely low ratios of 0.01, rising to 0.08,
with an average of 0.037, were reported [144]. Clearly, such
values were in direct conﬂict with the elevated helium lev-
els expected in the Sun from primordial arguments [123]. As
such, solar wind measurements became viewed as unreliable
relative to estimating helium abundances in the Sun [148].
Nonetheless, something truly fascinating was present in
solar wind data. The Sun appeared to be expelling helium
(J.C.Robitaille, personal communication [131]) with in-
creased activity. The helium to hydrogen ratio was observed
to increase in association with the onset of geomagnetic
storms [144] and was highly responsive to the solar cycle
[146,149,151]. The helium abundance could rise from av-
erage values of less than 2% at the solar minimum to around
4.5% at maximum [149]. After the early 1970s, the vari-
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ation in solar wind helium abundance became increasingly
pronounced. By 1982, helium abundances in the solar wind
came to vary from values as low as 0.001 to as elevated as
0.35 [147]. A single value as high as 0.40 was reported[147].
At least half of all elevated helium abundance events were
related to a transient interplanetary shock wave disturbance
[147], though a signiﬁcant portion were not associated with
such events. Each of these extremes highlighted something
phenomenal relative to solar winds. To explain the variabil-
ity, theoretical models turned to the large scale structure of
plasma. It was assumed that elevated helium abundance orig-
inated in regions of high magnetic ﬁeld activity in the corona
[131]. It was foundthat heliumabundance“enhancementsof-
tenhaveunusuallyhighionizationtemperatures,indicativeof
an origin in active solar processes... Collectively, these ob-
servations suggest that... [helium abundance] ...enhance-
ments in the solar wind signal the arrival of plasma ejected
from low in the corona during a disturbance such as a large
solar ﬂare or an eruptive prominence” [147]. While solar
winds had a close link to the “composition of the source ma-
terial” it could then “be modiﬁed by the processes which op-
erate in the transition zone and in the inner corona” [148].
Primordial helium abundances within the Sun could be saved
by discounting that solar wind helium abundances had any
meaning whatsoever relative to the composition of the Sun
itself. The idea that solar activity reﬂected the expulsion of
helium from the Sun (J.C.Robitaille, personal communica-
tion [131]) was never advanced. While the scientiﬁc com-
munity maintained that helium abundances were not reliable,
they claimed that it was possible to ascertain the fractional
isotopic compositionof the elements in the solar wind and re-
late them directly to the solar convectivezone: “The variabil-
ity of the elemental abundances in the solar wind on all time
scales and the FIP... [ﬁrst ionization potential] ...eﬀect,
and its variability, will make it diﬃcult to derive accurate
solar abundances from solar wind measurements, with the
exception of isotopic determinations” [150]. Of course, iso-
tope analysis could never constitute a challenge to the exis-
tence of large amounts of primordial helium in the Sun [123].
Solar wind helium abundances had to be simply correlated
to the coronal magnetic ﬁeld, although the correlation coeﬃ-
cient was not powerful (σ∼0.3) [152]. Nonetheless, helium
abundance depressions could not be explained under such a
scenario [152]. At the same time, it is currently believed that
“solar wind abundances are not a genuine, unbiased sam-
ple of solar abundances, but they are fractionated. One such
fractionation depends on the ﬁrst ionization potential (FIP):
When comparing solar wind to solar abundances, elements
withlow FIP(<10eV)areenrichedbyasigniﬁcantfactor,the
FIPbias, over thosewith ahighFIP...Anotherfractionation
process aﬀects mainly helium, causing its abundance in the
SW to be only about half of the solar abundance... It is most
likely due to insuﬃcient Coulomb drag between protons and
alpha particles in the accelerating solar wind” [154, p.16].
Herein was an explicit admission that the cause of extremely
low helium levels in the solar wind could not be adequately
understood. Conversely, fractionation models continued to
insistthatelevatedheliumabundanceswerelinkedtothefrac-
tionationof large atoms by collisions with protons [152,153].
Nothing could be gathered about solar helium abundances
from solar winds precisely because theoretical constructs for-
bade such conclusions.
6 Conclusions
ModerndayreportsofelementalabundancesintheSun[154–
156] maintain that the Sun has a relatively large proportionof
helium with Y values typically near 0.248and primordialval-
ues of 0.275. These values come from theoretical modeling,
as helium remains spectroscopically silent in the photosphere
andsolar windsare viewedas unreliable[155,p.166]. There-
fore, claims that helium has “very high abundance” [155,
p.166] in the Sun are not supported by observational fact.
In the end, mankind understands much less about this cen-
tral element than a cursory review of the literature might sug-
gest. Careful consideration of solar modeling establishes that
all theoretical estimates of helium levels in the Sun cannot
be relied upon, given their dependence of solar opacity ta-
bles [78]. This also applies to theoretical results which at-
tempt to extract helium levels from helioseismology [156].
For this reason, it is simply not possible to establish elevated
helium levels in the Sun from theory. As helium levels can-
not be established spectroscopically,we are left with the solar
winds for guidance.
Currently, solar winds are viewed as too complex to yield
information relative to solar abundances. In large measure,
this is because scientists are trying to understand this data in
the context of an object whose helium abundance has been
largely set in primordial times [24,123,155]. The idea that
the Sun and the stars are actively working to control their he-
lium levels has never been previously considered [131]. Nev-
ertheless, the association of solar activity and elevatedhelium
levels [146,149,151] strongly suggests that the active Sun is
expellingheliumandexcludingitfromitshydrogenbasedlat-
tice (J.C.Robitaille, personal communication [131]). Herein
can be found the cause of extremely low helium abundance
often obtained in the slow solar wind: the Sun works to keep
its heliumlevels low andsolar activityrepresenta direct man-
isfestation of this fact. In the quiet Sun the slow solar winds
can report fractional abundances of less than 2% and these
should be viewed as steady state helium removal from the
convective zone of the Sun. Such an idea strongly supports
the contention that the Sun and the stars are primarily com-
prised of hydrogen in the liquid metallic state [131,157].
In advancing that the universe is largely composed of hy-
drogen and that helium is being excluded from the stars
(J.C.Robitaille, personalcommunication[131]),perhapsit is
appropriateto turnonceagainto Cecilia Payne, as the ﬁrst as-
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tronomerto highlight the tremendousabundance of hydrogen
in the universe [8]. As a child, she had been eager to become
an astronomer “in case there should be no research left when
she grew up” [1, p.72–73]. Yet, her position changed dra-
matically with age: “Looking back on my years of research,
I don’t like to dwell only on my mistakes; I am inclined to
count my blessings, and two seem to me to be very especially
valuable. The ﬁrst blessing is that the process of discovery
is gradual — if we were confronted with all the facts at once
we should be so bewildered that we should not know how to
interpret them. The second blessing is that we are not immor-
tal. I say this because,after all, the humanmind is not pliable
enough to adapt to the continual changes in scientiﬁc ideas
and techniques. I suspect there are still many astronomers
who are working on problems, and with equipment, that are
many years out of date. Now that I am old, I see that it is dan-
gerous to be in too much of a hurry, to be too anxious to see
the ﬁnal result oneself. Our research does not belongto us, to
our institution, or to our country. It belongs to mankind. And
so I say to you, the young generation of astronomers: more
power to you. May you continue to expand the picture of the
universe, andmay you never lose the thrill it gave you when it
ﬁrst broke onyou in all its glory” [Cecilia Payne-Gaposchkin,
April 10, 1968 [50, p.xv]].
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